Abstract Mixtures of poly(ethylene terephthalate) (PET) with magnesium compounds including carbonate, hydroxide, and oxide, with different weight ratios of the components, were subjected to thermogravimetric measurements up to 850°C in argon atmosphere. For reference, pure components of the examined mixtures were analyzed at the same conditions. During the heating, PET underwent carbonization and magnesium carbonate and hydroxide decomposed to MgO with evolution of gaseous products (CO 2 and/or H 2 O). As found, carbon yields calculated from the residual masses depended on the qualitative and quantitative composition of the starting mixture. Yields of carbon obtained from PET mixed with MgO did not depend on MgO/PET ratio. However, yields of carbon formed through pyrolysis of PET contained in the mixture with either magnesium carbonate or magnesium hydroxide were in general higher and depended on the weight ratio of components in the starting material. Reasons of these inconsistent results are discussed and explained. An influence of gasification of char on the carbon yield is explained.
Introduction
Post consumer poly(ethylene terephthalate) (PET) is a material causing environmental problems. Therefore, much effort has been put to investigate methods to utilize it. One of the ways widely studied is converting PET to useful products such as activated carbon [1] [2] [3] . Preparation of porous carbon materials from PET usually employs carbonization and successive activation, carried out at 800-900°C. Hence, because of this high temperature, thermal degradation of PET is an integral process accompanying production of activated carbons and achieving high carbon yield of the process is important from both economical and ecological point of view.
One of the most commonly used technique to study thermal behavior of various carbon materials is thermogravimetry [4] . This method is often employed to determine carbon yield during pyrolysis of polymeric carbon precursors [5] [6] [7] , including PET [8] , and the yield of the process is considered as a ratio of residual mass to initial mass. In another analogous manner, carbon yield is deduced basing on both final weight and original weight of sample subjected to treatment in a reactor [9] . These approaches are commonly accepted and do not evoke any doubts.
Considering chemical formula of PET, it is easy to find out that carbon content in this material is ca. 63% [10] . However, in spite of this high value, pyrolysis of PET results in significant, ca. 80% or more mass loss, which gives only ca. 20% or less residual mass. This value is usually reported as carbon yield achieved during thermal degradation of PET alone [8, 10, 11] . However, there is a number of works dealing with pyrolysis of carbonaceous materials contained in a mixture with some inorganic additives [12] . In the case of systems containing PET, carbon yields attained are usually determined as different, higher or lower, than for PET alone, or not reported [13] . Thermal decomposition of PET mixed with some metal oxides (ZnO, Ln 2 O 3 , Fe 2 O 3 ) was investigated by Terakado and Hirasawa [14] . The authors reported a little increase in the yield of carbon formed from PET in the PET/metal oxide mixtures, and suggested enhanced cross-linking of polyene structures in presence of metal oxides as a reason of the higher yield. An increased carbon yield (22-27%) was reported by Morishita et al. [15] working with MgO/ PET systems at several weight ratios. The authors observed dependence of the yield on the MgO/PET ratio, with a broad maximum at equivalent mixing ratio of the components. On the other hand, these authors suggested hindered by MgO particles, flow of fused PET during pyrolysis process, as a possible reason of the increased carbon yield. Nevertheless, a need of more research to explain the reason satisfactory was recommended. Diversified impact of a range of inorganics including Ca(NO 3 ) 2 Á4H 2 O, Ca(OH) 2 , CaCO 3 , ZnO, and AlNH 4 (SO 4 ) 2 Á12H 2 O, on the carbon yield during carbonization of PET contained in mixtures with the compounds was reported by others [16] . However, reasons of the incoherent results were not discussed.
Apart from PET, changed carbon yields resulting from the presence of inorganic additives were also reported for other carbon precursors. For instance, inorganic template matrix constrains were suggested, however, not verified, to increase yields of carbon formed from some polystyrenebased polymers [17] . Moreover, impregnation of cellulose with sulfuric acid solution caused substantial increase in the yield of carbonization process [18] . Unfortunately, only likely mechanism of the significant increase was proposed and no convincing explanation of the effect was given. Interesting results were reported by Inagaki et al. [19] working on carbon-coated MgO prepared from pitch mixed with thermally unstable magnesium salts: acetate and citrate. The authors reported higher carbon yield achieved from Mg citrate/pitch system than from the other, and claimed that magnesium citrate itself may be an additional to the pitch source of carbon. The same explanation was given elsewhere [20] , however, formation of carbon from magnesium citrate was not confirmed experimentally. Nevertheless, according to others [21, 22] , magnesium citrate undergoes thermal decomposition releasing water and CO 2 . Therefore, one may conclude that the increased carbon yield may be also caused by other factors. Hence, considering literature data, it may be stated that the reasons of variable carbon yield achieved by various teams are often not sufficiently explained and need additional research.
Recently we started to investigate MgO-loaded carbon sorbent for acidic gas removal. Our thermogravimetric investigations on PET included in mixtures with some inorganic magnesium compounds, led us to surprisingly high carbon yields. For that reason, the aim of this study is to study an effect of some magnesium compounds contained in a mixture with this carbon precursor, PET, on the carbon yield. In addition, we have tried to explain why, in certain cases, the carbon yield cannot be correctly evaluated on the base of gravimetric measurements.
Experimental

Preparations
In order to prepare raw materials, poly(ethylene terephthalate) (PET) grains were cooled with liquid nitrogen, milled and mixed with either light basic magnesium carbonate (3MgCO 3 ÁMg(OH) 2 Á3H 2 O) (BMC), or magnesium hydroxide (Mg(OH) 2 ), or magnesium oxide (MgO). The magnesium compound/PET weight ratios were 30/70, 50/50, and 70/30. In order to get homogeneous mixtures, each of them was heated for 1 hour at 265°C in argon atmosphere. This temperature was enough to melt PET contained in the mixtures. After cooling, obtained solids were powdered and once more subjected to fusing and powdering cycle. Obtained in this way fine powders were used as original materials.
BMC used in this study was of reagent grade purchased from POCH S. A., Poland. PET was of commercial grade, purchased from Elana S. A., Poland. Mg(OH) 2 and MgO were of pure p.a. grade purchased from Fluca (Germany) and Chempur (Poland), respectively. High purity argon gas and synthetic air (both 99.999%) supplied by Messer (Austria) were used during TG measurements.
Methods
X'Pert PRO Philips diffractometer using CuK a (k = 1.54056 nm) radiation was used for X-ray diffraction (XRD) measurements. The thermogravimetric (TG) analyses were carried out on STA 449 C TGA apparatus (Netzsch, Germany). In order to examine mass loss during pyrolysis of the studied materials, measurements were performed in argon atmosphere (25 mL min -1 ) from room temperature up to 850°C, and heating rates were 10°C min -1 . The final temperature was maintained for 1 h. To estimate content of inorganics in obtained residues, and thus to calculate carbon yield of the pyrolysis process, additional thermogravimetric analyses were carried out in air atmosphere (25 mL min -1 ) applying the same temperature program. Thus, carbon yield could be calculated as a balance between residual masses determined after TG analyses in argon and in air. The temperature programmed desorption (TPD) measurements were carried out with use of thermal desorption spectrometer (TDS1200 apparatus, ESCO Ltd., Japan) equipped with a quadrupole mass spectrometer. During the measurements, samples were heated from room temperature to 1000°C at 60°C min -1 and working pressure was ca. 10
Pa. An evolution of hydrogen, water, carbon oxide, and carbon dioxide, was continuously monitored during the TPD runs.
Results and discussion
XRD results
Regardless of the magnesium compound used to prepare an initial material, peaks corresponding to MgO can be clearly seen on the patterns collected for the all the pyrolysed samples. An example of XRD pattern measured for Mg(OH) 2 /PET mixture after pyrolysis is shown in Fig. 1 . Presence of MgO was confirmed for BMC/PET and MgO/ PET systems in our earlier work [23] . Results of additional XRD measurements (not shown here), confirmed the same phase as the only solid product formed during heating of pure BMC and Mg(OH) 2 . For that reason, it was assumed that all the heat-treated mixtures, irrespective of the ratio of components in the starting material used in this study, contained MgO and carbonaceous material-product of the thermal decomposition of PET.
Thermogravimetry and carbon yield
The pure PET material used in this work undergoes onestep decomposition that begins to proceed rapidly at temperature ca. 390°C and completes at ca. 490°C, with a maximum rate at 440°C [23] . This rapid process is followed by a very slow and negligible mass loss at higher temperatures. Both, the course of the TG line and the residual mass (ca. 19%, assumed as carbon yield) found after this measurement remained in a good concurrence with results reported in literature.
The TG curves registered for the mixtures of PET with magnesium compounds, are presented in Figs. 2, 3, 4. For reference, TG-grams for pure magnesium compounds used (excluding thermally stable MgO) are also included.
TG-grams registered for MgO/PET mixtures ( Fig. 2 ) reveal sharp drop in sample mass at temperatures 550-650°C, followed by a miner decrease at higher temperatures.
The residual masses measured after TG of these systems tend to increase with MgO/PET weight ratio. This tendency must be related to the higher loadings of non-decomposable (thermally stable) MgO. As expected, pure Mg(OH) 2 decomposes sharply in onestep (Fig. 3) . The decomposition process begins at ca. 300°C and mass of the sample gets stabilized at ca. 390°C. The residual mass found after TG measurement, performed for pure Mg(OH) 2 , ca. 70% of the initial mass, is close to the theoretical value, calculated for MgO formed during thermal decomposition of the hydroxide according to following reaction scheme [24] :
XRD patterns (not shown) measured for the product of Mg(OH) 2 pyrolysis confirmed complete decomposition of the compound with formation of MgO.
Results of TG measurements collected for mixtures prepared from Mg(OH) 2 and PET show two mass drops: minor one, by 3-5% at ca. 360-400°C and more distinct, by 25-40%, at ca. 560-650°C. A minor mass decrease can be seen for all TG curves at above 650°C. The registered residual masses depend on the weight composition of the starting Mg(OH) 2 /PET mixture and are higher for higher Mg(OH) 2 loadings.
Thermogram measured for pure BMC (Fig. 4) indicates evidently three-step decomposition of the compound with maximum rates at 266, 425, and 534°C. The process completes at ca. 540°C yielding residual mass ca. 45%. XRD patterns (not shown) confirmed an existence of MgO only in the solid product remained after heating of BMC. As reported elsewhere [25] , the steps observed on the TG line presented in Fig. 4 , are due to the BMC decomposition, accompanied by an evolution of large amounts of gases including CO 2 and H 2 O, according to the following reaction scheme:
The thermogram obtained for the original BMC/PET mixture reveals rapid mass loss that begins at ca. 380°C and completes at temperature ca. 620°C. Lack of the first mass drop that is clearly seen for pure BMC at around 250°C must be due to the partial decomposition of the magnesium compound, occurring already during preparation of the sample, i.e., during heating at 265°C. In addition, further increase in the temperature is accompanied by a slower, however, continuous and distinct, loss in the sample mass. This is contrary to results registered for pure PET and BMC alone. Residual masses registered at the end of TG runs depend on the weight ratio of components used to prepare the starting mixture, and increase with BMC loadings. Taking into account results of TG measurements collected for the pure components of the examined mixtures, TG courses observed for PET/magnesium compound systems show unpredicted courses. Hence, the thermograms obtained indicate that all the mixtures start to decompose at higher, compared to those seen for pure magnesium compounds and to PET alone, temperatures. Moreover, as a rule, regardless of the qualitative and quantitative composition of the mixtures, decomposition completes at above 600°C. This temperature exceeds decomposition points determined for all the individual components of the starting mixtures.
As it was already elucidated, pyrolysis of PET contained in a mixture with MgO, Mg(OH) 2 , or BMC, in each case produces solid containing carbonaceous matter and MgO. Therefore, yields of carbon produced from PET contained in the mixtures with magnesium compounds were calculated considering balance between the residual masses determined from TG measurements and amounts of MgO contained in the product. In order to determine MgO contents in pyrolysed samples, additional TG analyses were carried out in air atmosphere. Because carbon material formed during pyrolysis in argon atmosphere burnt off during the TG runs in air, the residual masses registered were assumed to be due to the MgO presence only. The carbon yields determined on the base of TG measurements after heating in Ar atmosphere up to 700°C and at the end of the measurements (850°C), are compiled in Table 1 .
The calculated yields of carbon formed from PET contained in mixtures with magnesium compounds are from a wide range and the values vary from ca. 27% for MgO/PET to almost 50% for BMC/PET 70/30. As a rule, determined carbon yields tend to increase along with loading of thermally unstable magnesium compounds (Mg(OH) 2 and BMC) in the initial mixtures. This trend especially concerns BMC/PET system. On the other hand, the calculated yields of carbon formed from PET contained in the mixtures with thermally stable MgO is almost same, ca. 27.5%, regardless weight ratios of components in the original mixtures. Interestingly, the carbon yields determined for materials pyrolysed to 700°C are generally higher than those determined for mixtures heated to 850°C. Moreover, an extent of this difference depends on the magnesium compound used. Hence, the changes in the yield observed for MgO/PET samples are less distinct compared to two other systems, especially to BMC/PET. It should be noticed that, in spite of the relatively high decrease, the carbon yields determined for BMC/PET-based materials are still much higher compared to the others, especially to MgO/PET.
It should be pointed out, that in all the studied magnesium compound/PET systems, the carbon yields are considerably higher compared to that attained for pure PET (18.6%). Particularly high values concern products obtained during heating mixtures of PET highly loaded with BMC.
Temperature programmed desorption
Signals for mass/charge (m/z) ratios of 2, 18, 28, and 44 were monitored to examine evolution of H 2 , H 2 O, CO, and CO 2 , respectively. TPD runs were carried out for materials obtained from Mg(OH) 2 /PET at two weight ratios, 30/70, and 70/30, both subjected to heating to 700°C prior TPD. Obtained courses are presented in Fig. 5 . The TPD traces confirm an evolution of mainly water and to lesser extent carbon dioxide, already at the beginning of the measurement, i.e., at temperatures as low as 60°C. The releasing of these gases can be seen at temperatures up to ca. 800 and 400°C, for H 2 O and CO 2 , respectively. However, the most intensive releasing of these species occurs up to 300-400°C. Initially very weak H 2 and CO signals start to increase distinctly along with temperature, with effect from ca. 400 and 650°C, respectively. It should be emphasized that amounts of all the measured gases released from the sample richer in Mg compound are greatly higher, compared to those registered during TPD from another material.
Taking into account yield of carbon material formed during pyrolysis of pure PET, ca. 19%, most of the values Effect of some thermally unstable magnesium compounds 1151 obtained in this study (Table 1) seemed to be rather high. This in particular concerned PET/BMC systems, where determined carbon yield was at maximum as high as ca. 45%, which was more than two times higher than value obtained for pure PET. Because of these extraordinary results, we undertook studies to understand and explain reasons of the high carbon yield and to point potential inaccuracies that can go with estimation of the yield using gravimetric method. In our previous work [23] we reported on pore creation mechanism in BMC/PET system. It was proved that pyrolysis of BMC/PET mixture, to some extent was accompanied by an occlusion of gaseous products of BMC decomposition (CO 2 and H 2 O) in the char formed from PET. Since Mg(OH) 2 upon heating undergoes dehydration, occlusion of some amounts of water in the formed char/ MgO solid material, similar like in the solid formed from BMC/PET, might be expected. Because evolution of H 2 and CO at 600°C and above must be due to reaction between carbon material and water, the TPD patterns presented in Fig. 5 confirm this assumption.
Hence, apart from MgO and carbonaceous matter, the residual products obtained during pyrolysis Mg(OH) 2 /PET and BMC/PET, contained also the occluded gases. In a consequence, burning of carbon material, which is a necessary process to determine carbon yield considered as a loss in sample mass during TG in air, must be accompanied by releasing of the gases occluded in the char. From the data compiled in Table 1 it comes out that, the calculated yield attains exceptionally high value for the highest BMC loading in the starting mixture. This must be due to the largest amounts of gases evolved and evidently trapped. Similar tendency, but less pronounced, has been found for Mg(OH) 2 /PET systems, where calculated carbon yield attains ca. 30%, for the highest Mg(OH) 2 loadings. From the comparison between m/z = 18 traces, it is also clear that amount of water occluded in the heated mixture depends on the relative amounts of Mg(OH) 2 and PET used for preparation of the raw mixture. This gives reasonable explanation why calculated values of carbon yields are relatively high and tend to increase with Mg(OH) 2 /PET ratio (Table 1) . Relatively low carbon yields determined for pyrolysed PET/MgO systems are another support for the explanation given above. Hence, even samples holding little amounts of carbon and trapping sufficient amounts of gases may reveal apparently high carbon yields. Following this explanation, we postulate that the particularly high values of the determined carbon yields (Table 1 ) are apparent and affected by the occluded gases. For that reason, an valuation of the carbon yield as a balance between the residual mass after pyrolysis of the mixtures, and amount of MgO contained in the product, must be loaded with some error.
As shown in Table 1 , the apparent carbon yields determined for the studied materials, are much lower than the hypothetically possible values, calculated assuming occlusion of entire amounts of CO 2 and/or H 2 O gases formed from BMC or from Mg(OH) 2 . Therefore, it may be stated that only partial occlusion takes place in the considered systems. This seems to be a natural effect occurring due to easy, not suppressed effusion of gases formed from BMC or Mg(OH) 2 particles located on the surface of the treated samples. The partial occlusion of gases should not be considered as the only factor influencing the carbon yield. It must be emphasized, that because of reactivity toward carbon at higher temperatures, both H 2 O and CO 2 are commonly used gases for activation of chars. As it was elucidated in our previous work [23] , H 2 O and CO 2 occluded in a sample react with char formed from PET, and thus must cause some decrease in an amount of carbon in the product. The evolution of H 2 and CO from Mg(OH) 2 / PET-based material at above 600°C (Fig. 5) , proves proceeding of the gasification of char also by the water liberated from Mg(OH) 2 and entrapped in the processed material. This statement is also supported by the data presented in Table 1 . Materials obtained from PET and decomposable Mg compounds reveal higher, compared to MgO/PET system, mass loss while heated from 700 to 850°C. In this temperature range char gasification by CO 2 and H 2 O normally proceeds. Hence, both occlusion of gases and gasification of carbon material, accompany the preparation process in parallel. In a consequence, the two phenomena have an effect, though opposite, on the carbon yield. Nevertheless, because rates of char gasification by CO 2 and H 2 O are different [26] , and the occlusion is only partial, quantitative estimation of the influence of each factor requires additional extensive research.
Obviously, because MgO does not undergo thermal decomposition, the explanations given above cannot be applicable for PET/MgO-based materials. This is evidently supported by TPD results presented in both Fig. 5 and our previous work [23] where only minor amounts of gasifying agents and carbon gasification products were detected during TPD from MgO/PET. In addition, opposite to BMC/ PET and Mg(OH) 2 /PET, the calculated carbon yields for MgO/PET system are comparable. Such convergent values could be obtained, because both gas occlusion and carbon gasification, accompanying two other systems, do not take place in MgO/PET. One should notice that carbon yields obtained for the MgO/PET system are in each case ca. 27%, which is still noticeably higher value than that measured for pure PET (below 20%). As reported elsewhere, this effect may be due to the strong hindering of plastic flow of the thermoplastic precursor (PET), caused by MgO particles [15] and/or enhanced cross-linking of polyene structures in the presence of the oxide [14] . Both phenomena may be considered as having an impact on the increase in the yield of carbon formed from PET in mixtures with MgO. Because this oxide is formed during heating BMC/PET and PET/ Mg(OH) 2 mixtures, occurrence of analogous phenomena in these systems should not be excluded.
Taking into account above discussion, it may be stated that the values of carbon yields determined for the researched systems vary and depend on the qualitative and quantitative composition of the initial mixtures subjected to pyrolysis. In some systems, when thermally stable magnesium compounds are used, the yields may be considered as more reliable. On the other hand, pyrolysis of PET in mixture with BMC or Mg(OH) 2 seems to be much more complex process, accompanied by a partial gas occlusion and consequently by side-effects described above. In a consequence the determined carbon yields are resultant values, influenced by quantities of both carbon material and entrapped gases, additionally including CO and H 2 formed during char activation by CO 2 and/or H 2 O.
Conclusions
In this article, we have presented the results of thermogravimetric analysis of PET in mixtures with some magnesium compounds and for individual components. Obtained results proved strong dependence of carbon yield on the additive loading in starting mixture and in many cases results were not convincing. Taking into account results collected for our combinations of materials, we postulate that correct estimation of carbon yield on the base of a residual mass of samples after thermal treatment, in certain cases is not possible. The main reason of this is an occlusion of gases like CO 2 and water, which may considerably influence a mass of the residue and thus lead to improper results. For that reason, we strongly advice to consider if estimation of carbon yield on the base of residual mass, is a proper way to evaluate carbon yield during pyrolysis of carbon precursors. This doubt concerns principally systems composed of carbon precursors and substances undergoing decomposition and evolving gases while pyrolysed. Results presented here were obtained only for few mixtures, however, occurrence of similar phenomena should not be excluded in other combinations carbon precursor-additive. Therefore, in questionable cases, alternate to thermogravimetry methods, giving consideration to the occluded gases as well as to possible sideeffects like successive reactions, should be used.
